Headwater streams contribute a significant proportion of the total flow to many river systems, 3 especially during summer low-flow periods. However, despite their importance, the time taken for 4 water to travel through headwater catchments and into the streams (the transit time) is poorly 5 understood. Here, 3
Average precipitation decreases from 1420 mm yr -1 in the alpine region to 1170 mm yr -1 at Bright 22 (Bureau of Meteorology, 2015) . Approximately 45% of the annual precipitation occurs in the austral 23 winter (June to September) with a proportion of the winter precipitation occurring as snow on the 24 higher peaks, while March has the lowest precipitation (5 to 6% of the annual total). Streamflow in 25 this study). Sampling took place in four rounds (Table 1 sampling rounds in this study to be calculated from the Harrietville streamflow. In turn, this enables 10 the contribution of Ovens East Branch tributary to the combined flows to be estimated. 11
Geochemical sampling

12
Stream water was sampled from swiftly-flowing stream sections using a collector fixed to an 13 extendable pole. Rainfall was collected from two rainfall collectors located at Mount Buffalo (Fig. 1) . 14 Cations were analysed at Monash University using a ThermoFinnigan ICP-OES or ICP-MS on samples 15 that had been filtered through 0.45 µm cellulose nitrate filters and acidified to pH <2 using double-16 distilled 16M HNO3. Anions were analysed on filtered unacidified samples using a Metrohm ion 17 chromatograph at Monash University. The precision of anion and cation analyses based on replicate 18
analyses is ±2% and the accuracy based on analysis of certified water standards is ±5%. While a 19 range of major ion concentrations were measured only Cl and Na, which represent the major anion 20 and cation in surface water and groundwater, are discussed here. Additional major ion data is from 21 H were vacuum distilled and electrolytically enriched prior to 5 being analysed by liquid scintillation spectrometry using Quantulus ultra-low-level counters at GNS, 6
New Zealand. Following from Morgenstern and Taylor (2009) the sensitivity is now further increased 7 to a lower detection limit of 0.02 TU via tritium enrichment by a factor of 95, and reproducibility of 8 tritium enrichment of 1% is achieved via deuterium-calibration for every sample. The precision (1) 9 is ~1.8% at 2 TU (Table 1) . 10 3.4. Estimating mean transit times using 3 H
11
Water flowing through an aquifer follows flow paths of varying length, which results in the water 12 discharging into streams having a range of transit times rather than a discrete age. The mean transit 13 times may be calculated using the lumped parameter models described by Zuber 14 (1982, 1992) 
where  is the transit time, t- is the time that the water entered the flow system,  is the decay 
where m is the mean transit time and f is the proportion of the aquifer volume that exhibits ). While the dispersion model is considered to be a less realistic 20 conceptualisation of flow systems, it commonly reproduces the observed distribution of 21 radioisotopes within aquifers (Maloszewski, 2000) . by Qbf/Q where Q is the measured streamflow and Qbf is the streamflow at baseflow conditions. The 7 concentration of a component in the stream (Cst) at higher streamflows is given by: 8
where and Cbf and Cew are the concentrations in the baseflow and event water, respectively. 10 The streamflow data may also be used to define the runoff coefficient (i.e., the percentage of rainfall 1 exported from each catchment) (Fig. 3) . The average annual streamflow was calculated using daily 2 streamflow data between 1980 and 2014 (Department of Environment and Primary Industries, 3 2015). Periods of no record generally due to gauge malfunction were omitted; these represent <15% 4 of the data. There is a rainfall gradient across the Ovens Catchment and insufficient rainfall stations 5 to calculate area-weighted average rainfall for individual catchments. However, it is likely that 6 precipitation in the whole region is between 1170 and 1420 mm yr , runoff coefficients range from ~7.4% for Simmons Creek 9 to ~58% for the Ovens East Branch. For the range of precipitation in the Ovens Valley the relative 10 error on these runoff coefficients is ~10%. , respectively (Table 1 ). The concentrations of these and 20 other major ions are higher during low-flow periods (February 2014) than during periods of higher 21 flow. Na/Cl mass ratios of the stream samples are between 1.4 and 4.2 which are higher than the 22 Na/Cl ratios of local rainfall of 0.7 to 0.9 (Table, 1 Ovens West Branch; however, the Na vs. streamflow trends for these two tributaries are similar to 6 that from the Harrietville gauge (Fig. 8a) , albeit with far less data. 7
Results
Discussion 8
The combination of streamflow data, major ion concentrations, stable isotope geochemistry, and West Branch streamflow, has sufficient major ion data to assess the degree of mixing of baseflowof event water and baseflow at the Harrietville gauge using Eq. (4) and the following assumptions: 1) 1 Na concentrations at the lowest streamflow represents the Na concentrations of baseflow; 2) the 2 baseflow remains constant at the value of the minimum streamflow, in this case 6600 m 3 day -1
; and 3
3) rainfall has a Na concentration between 0.9 and 1.3 mg L -1 (Blackburn and McLeod, 1983). The 4 calculated Na vs. mixing trend underestimates the observed Na concentrations in the stream at 5
Harrietville. A similar conclusion is also made for Na concentrations at the Rocky Point gauge, which 6 is ~25 km downstream of Myrtleford (Fig. 8b) . (Fig. 4) probably reflects the variation in the 7 transit times (discussed below) of water within these different stores and the variations in Na and Cl 8 concentrations (Fig. 7) reflect differences in chemistry between the water stores in the catchment. years to ~0.3 years at 35 years but has a maximum value of ~1.1 years at 10 to 15 years, whereas the 7 standard deviation of the mean transit times in the dispersion model decreases from ~0.9 years at 4 8 years to <0.1 years at 12 years. These differences reflect differences in the exit-age frequency 9 distribution in the various models (e.g. Cook and Bohlke, 2000). 10
The analytical uncertainty of the Finally, the lumped parameter models are only an approximation of the flow through aquifer 19 systems and real flow systems will differ to a greater or lesser extent. However, while this will have 20 little impact on the calculated variation in mean transit times in individual catchments at different 21 streamflows as the flow systems within a specific catchment will likely be similar over time. Hence, 22 while there are uncertainties in the calculated mean transit times, the conclusions that the mean 23 transit times at the lowest flow conditions are on the order of years to decades while at higher flow 24 conditions the mean transit times are at least a few years remain unaffected. There is a broad correlation between transit times and the runoff coefficient (Fig. 3) . 5 9) suggests that major ion geochemistry can also provide a first-order indication of the mean transit 6 times of baseflow. That the trends in Na ion concentrations and mean transit times from the 7 different catchments overlap (Fig. 9) indicates that this approach may be useful in adjacent 8 catchments with similar geology, topography, and vegetation. 9
Conclusions and implications 10
This study has demonstrated the utility of high-precision 3 H measurements in determining mean 11 transit times of water in headwater catchments. The observation that the water contributing to the 12 headwater streams in the Ovens catchment has mean transit times of years to decades implies that 13 these streams are buffered against rainfall variations on timescales of a few years, and most of these 14 streams continued to flow through the 1996-2010 Millennium drought (Bureau of Meteorology, 15 2015; Department of Environment and Primary Industries, 2015). However, the impacts of any 16 changes to landuse in these catchments or longer-term rainfall changes may take years to decades 17 to manifest itself in changes to streamflow or water quality. If the conclusion that the mean transit 18 times are controlled by the evapotranspiration rates in the catchments is correct, large scale 19 vegetation changes, for example replacing native forest by grassland that has lower transpiration 20 rates, will cause a significant change in transit times. Specifically, lower transpiration rates will 21 increase recharge that will likely result in development of shallow flow paths with short transit times 22 and also increase the flow velocities in the deeper flow paths due to increased hydraulic heads. Both 23 of these factors will likely reduce the mean transit times. (Table 1) is approximately the size of the symbols. 17 Table  6 1. 7 (Fig. 1) . Shaded fields depict mixing between baseflow, which is assumed to 13 have a Na concentration of the lowest streamflow at each site, and rainfall with a Na concentration 14 of 0.9 to 1.3 mg L -1 calculated using Eq. 4. The mixing model underestimates the Na concentration 15 recorded at higher flows at both locations. 16 Mean Transit Time (yr) Fig. 9 
